Light-and electronmicroscopic distribution of taurine, an organic osmolyte, in rat renal tubule cells. Several lines of evidence suggest that taurine acts as an organic osmolyte in the kidney. We investigated the cellular and subcellular distribution of this amino acid in rat renal tubule cells. Semi-and ultrathin sections of plastic-embedded rat kidney were incubated with an antiserum against conjugated taurine, using peroxidase-antiperoxidase and immunogold procedures, respectively. Extensive control tests confirmed the selectivity of the antiserum. Our immunocytochemical preparations revealed a highly differentiated labeling pattern. Strong labeling (judged visually or by computer-aided calculation of gold particle densities) was found in collecting duct cells throughout cortex and medulla, in proximal straight tubule cells, and in cells of the descending thin limbs of Henle's loop. Intermediate gold particle densities occurred in proximal convoluted tubule cells and intercalated cells of' the collecting ducts (the gold particle in the latter being 30% of that in the collecting duct cells). The distal convoluted tubules, and thick and thin ascending limbs were almost immunonegative. It cannot be excluded that the proportion of free taurine that is retained by the fixative varies somewhat among the different cell types. Yet the highly differentiated labeling pattern that was obtained suggests that taurine is heterogeneously distributed among different populations of tubule cells, and that its level varies substantially even among cells that are exposed to the same osmotic stress.
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An abnormally high intracellular ionic strength may severely disturb cellular function by interfering with the structure and activity of essential macromolecules such as ribonucleic acids and proteins [1] . Renal medullary cells are therefore confronted with the challenge of maintaining a normal intracellular ion concentration in the face of an excessively high salt concentration in the interstitial fluid. An important strategy towards the solution of this problem is afforded by the ability of the medullary cells to accumulate organic osmolytes that do not perturb macromolecule function. The accumulation of such compounds allows the medullary cells to balance the extracellular hypertonicity without increasing significantly the level of intracellular electrolytes [1] . Four organic osmolytes have received particular attention in this regard. These are the polyhydric alcohols sorbitol and inositol, and the methylamines glycerophosphorylcholine and betaine [2, 3] . In addition, recent data indicate that taurine (2-aminoethanesulfonic acid), a sulfurcontaining amino acid, also behaves as an osmolyte in the Received for publication December 14, 1992 and in revised form August 13, 1993 Accepted for publication August 19, 1993 © 1994 by the International Society of Nephrology kidney. Taurine increases in the inner medulla of salt-loaded rats [4] , and is accumulated in Madin-Darby canine kidney (MDCK) cells exposed to a hypertonic medium [5] . The effect of hypertonicity is mediated by an increased Vm of the Na and C1-dependent taurine uptake [5] which occurs at the basolateral cell surface [5, 6] .
Microdissection combined with sensitive biochemical assays has made it possible to localize the organic osmolytes to different depths of the medulla and to different segments of the tubule system [2, [7] [8] [9] . However, the anatomical resolution of this approach is not sufficient to reveal the precise cellular distributions of the compounds of interest. Such information would be valuable. For example, the susceptibility of the various cell types to different traumas may among other things depend on their complement of organic osmolytes. The aim of the present paper is to elucidate the cellular and subcellular distribution of taurine in the rat kidney. Among the organic osmolytes, taurine is particularly suited to immunocytochemical analysis. Its free amino group makes it an ideal substrate for glutaraldehyde fixation, and it can therefore be studied in tissue with optimum preservation of ultrastructure [10] . Antisera to taurine have proved useful for postembedding immunogold cytochemistry, thus affording possibilities for quantitation [10] . The present report is intended as a platform for subsequent studies on the cellular handling of taurine under diuretic and antidiuretic conditions.
Methods

Animals and tissue preparation
Male Wistar rats (300 to 350 g body wt; N = 4), obtained from MØllegaard, Denmark, and fed on pellets from Ewos, Sweden, were deeply anesthetized with pentobarbital (50 mg/kg). The animals were then perfused through the heart with 2% dextran (molecular wt 70,000) in 0.1 M sodium phosphate buffer (4°C, 15 sec) followed by a mixture of 2.5% glutaraldehyde and 1% formaldehyde (depolymerized from paraformaldehyde) in the same buffer (room temperature, 10 mm). The liquids were infused through a peristaltic pump at a flow rate of 50 mI/mm, which gives an intra-arterial pressure of about 60 mm Hg (measured in separate experiments through an indwelling catheter in the femoral artery). Some animals were perfused at a higher pressure (corresponding to flow rates of 60 or 75 mI/mm), but this did not further improve the preservation of the ultrastructure. Signs of fixation (including neck rigidity) developed within 90 seconds of thoracotomy. The kidneys were removed immediately after perfusion and left overnight in the fixative (4°C). Transverse slices (0.5 to 1 mm) were obtained with a razor blade and stored overnight in sodium phosphate buffer (0.1 M, pH 7.4, 4°C). Tissue blocks were dissected out and treated with 1% 0s04 in sodium phosphate buffer, dehydrated in a series of ethanols and propylene oxide, and embedded in an epoxy resin (Durcupan ACM, Fluka). The blocks were then cured at 56°C for 48 hours. Semithin (0.5 sm) and ultrathin sections were cut with a Reichert ultramicrotome. Consecutive semi-and ultrathin sections were obtained in order to study the same cells at both light-and electron microscopic levels.
Immunocytochemistry
Light microscopy. The semithin sections were mounted on gelatin-coated glass slides and treated according to Somogyi et al [11] with only small modifications [10] . In brief, the sections were immersed in sodium ethanolate to remove the resin, and subsequently treated with the following solutions: (1) 1% sodium metaperiodate in H20, (2) 20% normal swine serum (NSS) in Tris-phosphate buffered saline (TPBS), (3) primary antiserum (overnight; 4°C) in TPBS with 1% NSS (see below for details), (4) sheep anti-rabbit IgO, (5) rabbit peroxidase-antiperoxidase complex, and (6) diaminobenzidine-H202. The staining was intensified by exposing the sections to 0s04 (2 drops of 1% 0504 in 50 ml 0.1 M sodium phosphate buffer).
Electron microscopy. The ultrathin sections were collected on nickel mesh grids and subjected to a postembedding immunogold procedure [10, 12] . The following steps were included: (1) 1% H104 in H20 (7 mm) followed by 9% Na104 in H20 (10 mm) to remove osmium; (2) 1% human serum albumin in TPBS (6) uranyl acetate (20 mm), followed by lead citrate (ito 3 mm). All steps were performed at room temperature. The sections were extensively rinsed between the steps, except alter steps 2 and 4, and were dried before staining with uranyl acetate and lead citrate.
Sera and control procedures
Two different taurine antisera, No. 286 and No. 20, were used in this study. Both antisera have been characterized previously [10, [13] [14] [15] . More than 25 small molecules were tested for cross reactivity [15] by use of a "spot test" [16] . The list of test compounds was presently expanded (Fig. 1 legend) to also include the major organic osmolytes in the kidney. The aldehyde fixative probably retains only a small fraction of these, due to their lack of free amino groups.
Test sections [17] containing a smaller series of different amino acid conjugates were incubated together with the semithin and ultrathin sections and served as an inherent quality control in each experiment. The conjugates were prepared by adding an aldehyde solution (identical to that used for tissue fixation) to a mixture of an amino acid and an extract of tissue macromolecules (from rat brain). An aldehyde-treated macromolecular extract from rat kidney was also included in some of the test sections.
In additional control experiments, consecutive semithin sec- antiserum.
To ascertain that the present immunocytochemical proce-
The antisera were usually diluted 1:3000 for light microscopy dures provide a roughly linear relationship between the concenand 1:6000 for electron microscopy. A wider range of dilutions tration of fixed taurine and gold particle density [20] conjugates were prepared from a series of different taurine concentrations (rather than from a series of different amino acids, as in the test sections referred to above). The procedure was similar to that previously described for glutamate [21, 22] . Briefly, tissue macromolecules (obtained from kidney or brain) were dialyzed extensively to remove all small molecules and then reacted with taurine in the presence of glutaraldehyde and paraformaldehyde (same mixture as that used for perfusion fixation). Tracer amounts of [3H]taurine were added to determine the concentration of fixed taurine in the conjugates (detailed in [21] ). The conjugates were treated with 1% 0s04 and embedded in resin in parallel with the tissue specimens, and then incubated together with the tissue sections (Fig. 4A) . Alternatively, the conjugates were spotted onto cellulose filters and processed with the peroxidase-antiperoxidase procedure as above (Fig. 4B) . The amount of amino acid fixed per mg protein was closely similar for brain and kidney tissue (Fig. 4 legend) .
Computer analysis Gold particle densities over tissue profiles and model conjugates were assessed by use of a computer program (Morforel). This has been described in detail [23] . Areas of profiles were :0 t1. The data were obtained from the test section incubated together with the tissue section analyzed in Table 2 . Values represent number of gold particles/m2 SaM (corrected for labeling over tissue-free resin, 0.1 particle/m2). The number of conjugates that were measured is shown in parenthesis (JV). 'None" represents aldehyde-treated tissue macromolecules (no amino acid added).
a Significantly different from "None" (P < 0.05; ANOVA, Student-
calculated on a Calcomp 9480 digitizer connected to a Cromemco CS300 computer, and the gold particles over each profile were subsequently counted and entered manually from the keyboard.
Results
Specificity and quantitation The spot test revealed a high selectivity for taurine (Fig. 1) . A slight cross reactivity was noted only with its immediate precursor, hypotaurine (not illustrated). Hypotaurine is subject to spontaneous oxidation to taurine [241, and it is thus difficult to resolve whether the staining of the hypotaurine spots reflects genuine cross reactivity or the presence in these spots of authentic taurine.
The test sections (Figs. 2C and 3) that had been incubated with the semithin and the ultrathin tissue sections confirmed the high selectivity indicated by the spot test. Our quantitative analysis showed that the gold particle densities over the taurine conjugates exceeded those over other amino acid conjugates by two orders of magnitude or more (Table 1) . No reaction was noted with kidney macromolecules (not illustrated).
The two taurine antisera revealed the same staining pattern and specificity. Preadsorption of the taurine antisera with taurine-G (or substitution with a preimmune serum) abolished the specific stainnig of tissue sections (Fig. 2B) as well as of test sections (Fig. 3C ), whereas preadsorptions with other amino acids (Methods) had no effect (Fig. 3D) . Increasing the dilution of the taunne antiserum decreased the staining intensity without changing the staining pattern. The selectivity of the taurine antiserum was further corroborated by the use of a glycine antiserum, which produced a different distribution of immunoreactivity (not shown). Analysis of graded sections that had been incubated together with the tissue sections revealed a close to linear relationship between gold particle density and antigen concentration (Fig.  4A) . The strength of the immunocytochemical signal was found to depend solely on the concentration of fixed taurine (glutaraldehyde-treated proteins displayed only background labeling) and was the same irrespective of whether kidney or brain protein had been used for conjugation (Fig. 4B ).
Immunocyrochemistry
A highly differentiated pattern of taurine-like immunoreactivity was obtained throughout the cortex and the medulla (Figs. 5  to 9 ). The highest labeling intensities were found in collecting duct cells (the term "collecting duct cells" is used as synonym of "principal cells of the collecting ducts") of the cortex and outer medulla (Figs. 5 and 6 ), proximal straight tubule cells (Fig. 9) , and in type 2 cells in the thin descending limb of Henle (Figs. 7B and 8; Table 2 ). Type 2 cells of rats are characterized by numerous complex interdigitations, short junctional complexes, many small blunt microvilli, and a higher density of organelles than other cell types in the thin limb [25] . The cells of the inner medullary collecting ducts (IMCD), and type 1 and type 3 cells of the thin descending limb, were also strongly labeled ( Fig. 7 A and C) , but slightly less so than the three cell types referred to above. Type 1 cells constitute a simple epithelium with almost no interdigitations, relatively long junctional complexes, and few organelles. Type 3 cells exhibit few junctional complexes, poorly developed cytoplasmic equipment, and a lower density of microvilli than type 2 [25] .
The intercalated cells of the collecting ducts (Figs. 5 and 6) and the convoluted portion of the proximal tubule (not illustrated) showed intermediate levels of immunoreactivity, the labeling intensity in the former cells amounting to about 30% of that in the collecting duct cells ( Table 2 ). The lowest level of immunoreactivity, barely above background level, occurred in cells of the thick and thin ascending limbs (Figs. 8 and 9; Table  2 ) and in the convoluted part of the distal tubule. All of the differences described above were observed in immunogold preparations. The same cellular differences could be identified light microscopically (Figs. 5 and 6 for direct comparisons). However, the proximal tubule cells appeared less strongly labeled, relative to other cells, in the semithin sections than in the ultrathin ones.
The major cell types occurring in the outer medulla and inner cortex were subjected to quantitative analysis ( Table 2 ). The density values that were obtained confirmed the visual impression. Judged by the graded sections (Fig. 4) that had accompanied the tissue sections, the concentration of taunne that was retained and fixed in renal tubule cells varied from close to zero (cells of the thick ascending limb) to about 11 mr'i (in type 2 cells). These must be regarded as approximate values.
Discussion
The present report is based on the use of antisera that have proven to be selective for fixed taurine [10, 13, 14] . The sera have been raised against taunne conjugates, prepared by coupling taunne to a macromolecular carrier in the presence of glutaraldehyde and formaldehyde (method according to [26] ). Such antibodies will recognize similar taunne conjugates that are formed in the tissue during aldehyde fixation. Fig. 4 . A. Relationship between gold particle density and concentration of fixed taurine. The curve (slope: 3.2, y-intercept: -0.27) is based on a computer-assisted calculation of gold particle density over conjugate bodies in the graded section (see text). These graded sections were incubated together with the tissue section presented in Table 2 . The relationship between gold particle density and concentration of fixed taurine is close to linear, with a correlation coefficient (r) of 0.98. Each data point represents one observation. The concentration of fixed taurine was determined by use of radiolabeled taurine [211. B. Different concentrations of taunne (as indicated) were reacted with brain or kidney proteins (middle and lower row, respectively) in the presence of the aldehyde mixture used for tissue fixation, and the conjugates were then spotted onto a cellulose ester filter. The upper row (all spots prepared at the same amino acid concentration) served as a standard. The concentration of protein in the reaction mixture was the same for both tissue extracts (12 mg/mi), as was the amount of taurine that was fixed. The actual values were (nmol/mg brain and kidney protein, respectively, in decreasing order of taurine concentrations in the reaction mixture): 104 and 98 (27 mM), 56 and 49 (9 mM Several test procedures were implemented in the present study in order to substantiate the selectivity of the immunocytochemical procedure. The sera were screened for cross reactivity against a large series of small molecules including structural analogues of taurine. The incorporation of possible cross reacting substances in ultrathin or semithin test sections permitted identical conditions for testing and immunocytochemistry [17] , thus increasing the reliability of the test results. No evidence was obtained for cross reactivity with the major organic osmolytes in the kidney, such as betaine, sorbitol, myoinositol and glycerophosphoryicholine. Nor did the sera exhibit any affinity to aldehyde-treated kidney macromolecules. The only compound that was labeled, except for taunne, was its immediate precursor, hypotaunne [24] . We do not know whether this labeling is caused by authentic hypotaurine or whether it reflects a spontaneous oxidation of hypotaurine to taurine [24] . Such an oxidation is difficult to avoid in aqueous media. Any cross reactivity with hypotaurine is not likely to pose a problem in immunocytochemistry since this compound occurs in very low or non-detectable concentrations in mammalian tissues [27] .
While the specificity of the procedure is well-established, it remains a major concern that not all of the free taunne is fixed.
We have performed a series of experiments to identify the conditions that give a maximum retention of amino acids. In brain slices, maximum retention was provided by immersion fixation in a mixture of 2.5% glutaraldehyde and 1% formaldehyde [28] . This mixture was then adopted as the routine fixative for perfusion fixation. Under optimum conditions of perfusion (as used for the present material) it retains as much as 70 to 85% of the free taurine, judged by the recovery of [3H]taunne in brain tissue [29] . One could argue that the proportion of taurine that is lost differs among different cells. However, antisera to other amino acids such as glycine, L-alanine, L-glutamine, and L-glutamate produce staining patterns in the kidney that differ from that produced by antisera to taurine (Amiry-Moghaddam, unpublished observations), indicating that the present results cannot be fully explained by a heterogeneity among cells with regard to their propensity to lose amino acids during perfusion. The magnitude and reproducibility of the cellular differences in taurine labeling intensity support this conclusion. Unless mechanisms exist that allow for a selective and pronounced loss of taurine from select population of cells in the short time period preceding fixation, it is hard to escape the conclusion that the different labeling intensities must reflect real differences in the size of the endogenous pools.
The immunocytochemical preparations exhibited a highly differentiated labeling pattern. The most intense taurine-like immunoreactivity was found in collecting duct cells, proximal straight tubule cells, and cells in the descending thin limb of Henle's loop. There was very little immunoreactivity in thick and thin ascending limbs of Henle's loop, and in distal convoluted tubules.
A direct translation between gold particle density and antigen concentration (that is, concentration of fixed taurine) was made possible by the linear relationship shown to exist between these two parameters in our calibration system. Judging from the latter, the antigen concentration varied by a factor of 55 among the different cell types under study. The gold particle density in the most strongly labeled cell type (type 2 cells) corresponds to about 11 m of fixed taurine. This is compatible with the biochemically recorded taurine concentration in rat kidney [4] , which varies from 20 mmol/kg protein (in cortex) to 37 mmol/kg protein (in the inner medulla) in hydrated animals. The latter value corresponds to 5.6 m (assuming a water content of 6.6
liter/kg protein [4] ).
The values emerging from the analysis of the calibration system must be interpreted with due caution [22] . First, the concentration of fixed taurine is lower than the in vivo concentration of free taurine, as some taurine will be lost during perfusion (see above). Second, the fixation of taunne may be more efficient in some compartments than in others, reflecting differences in protein concentration and composition [22] . The possibility also exists that high levels of other amino compounds might compete with taurine during the fixation process [21] .
The EM preparations also allowed an analysis of the subcellular distribution of taurine. Our data (for example, Fig. 5) suggested that taurine was equally abundant in the nuclei as in the surrounding cytoplasm. This probably reflects the unhindered movement of taurine through the nuclear pores [30] .
Lysosome-like structures were very weakly labeled for taurine. It should be emphasized, however, that the subcellular distribution of gold particles need not be entirely representative of the in vivo distribution of free taurine, since it is difficult to rule out an intracellular "microdiffusion" of this amino acid in the • 4.
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•. short interval between the start of perfusion and the formation tions than one would expect from the EM preparations. This of permanent taurine conjugates [22] . discrepancy is likely to reflect an impeded difibsion of immuThe nuclear labeling appeared weaker in the semithin sec-noreagents in the nucleoplasm, which due to its high contents of macromolecules will be densely crosslinked by the fixative, the surface of the section [31] . It is probable, therefore, that the Diffusion barriers are not relevant in the EM preparations, latter type of preparation gives the more reliable picture of the which only afford labeling of the epitopes that are expressed at in vivo distribution of taurine. Mechanisms similar to those described above might also explain why light and electron microscopic preparations differ with regard to the relative labeling intensity of the proximal tubule cells.
Functional correlations
The phylogenetically oldest functions attributed to taurine are its roles in bile salt synthesis and osmoregulation [24, 32] . The latter function is likely to be particularly relevant to the medullary parts of the kidney where the cells are exposed to pronounced fluctuations in extracellular osmolarity. It has been shown that the taurine content in rat inner medulla is osmotically regulated, and that it increases in response to salt loading and decreases after dehydration [4] . Taurine also behaves as an osmolyte in MDCK cells [51. Such cells accumulate taurine in hypertonic medium, and secrete it when returning to an isotonic medium.
The present data indicate that the taurine level varies considerably among the different cell types of renal tubules. One might assume that the cells that presently appear as strongly taurine immunolabeled are identical to those that express uptake mechanisms for taurine at their basolateral membranes. Such mechanisms are known to occur in MDCK cells [5] , which consist of at least two populations, one of which corresponds to the collecting duct cells (principal cells of the collecting ducts) [33] .
A basolateral uptake mechanism could also explain the high taurine level in the thin descending limb of Henle's loop. This segment of the nephron was held to be responsible for the secretion of taurine and some other amino acids after microinjections into the vasa recta [34] .
Medullary cells require organic osmolytes to avoid a detrimental accumulation of intracellular ions. It is likely that the medullary cells that are endowed with the lowest level of taurine (cells of the thin and medullary thick ascending limbs of Henle's loop) instead contain high amounts of other osmolytes, such as betaine, sorbitol, glycerophosphoryicholin, and myoinositol. This idea receives support from previous studies that have revealed high contents of inositol in the thick ascending limb (but also in the medullary collecting ducts) [2] . A more •-.9•'..:
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-.r. :. .Ac. of Henle (TAL) in the outer strip of outer medulla, Note the dramatic difference between the labelling intensities in the two segments.
Abbreviations are: BB, brush border; PST, proximal straight tubule; TAL, thick ascending limb; Cap, capillary. Bar: 2.5 &m.
precise testing of this hypothesis will have to await the production of antisera that specifically recognize the compounds in question.
While the taurine contents do not appear to faithfully reflect the external osmolarity, a common feature of the cells that are enriched in taurine is their high water-fluxing capacity [35, 36] and high density of water channels [37, 38] . For example, in vitro perfusion studies of the long loop of Henle have shown an extremely high osmotic water permeability in the upper part of the thin descending limb, corresponding to the type 2 epithelium, while the thin ascending limbs have an osmotic water permeability that is close to zero [36] . The functional significance of the association between taurine contents and water fluxing capacity needs to be explored. 
